Although scientific research using mammalian models has made great strides in uncovering the enigmatic neural and molecular mechanisms orchestrating the state of drug addiction, a complete understanding has thus far eluded researchers. The complexity of the task has led to the use of invertebrate model systems to complement the research of drug-induced reward in mammalian systems. Invertebrates, such as crayfish, offer excellent model systems to help reveal the underlying mechanisms of drug addiction as they retain the ancestral neural reward circuit that is evolutionarily conserved across taxa, and they possess relatively few, large neurons, laid out in an accessible, modularly organized nervous system. Crayfish offer the benefits of delineated developmental life stages, a large body size suitable for a variety of experimental methods, and stereotyped behaviors. Unique among crayfish is the parthenogenetic marbled crayfish (Procambarus fallax forma virginalis), a species of asexually reproducing, genetically identical clones. With the benefits of reduced individual variation, high fecundity, and easy lab husbandry, the marbled crayfish would make a particularly powerful addition to the animal model repertoire. Here we characterize the locomotor response of juvenile P. f. f. virginalis exposed to the psychostimulant, D-amphetamine sulfate. Custom video-tracking software was used to record the movement patterns of juveniles exposed to water infused with varying concentrations of D-amphetamine sulfate. ANOVA demonstrated that crayfish locomotion was significantly impacted by drug concentration. These psychostimulant effects provide the foundation of P. f. f. virginalis as a model for parsing the neural and molecular mechanisms of drug addiction.
Introduction
Drug addiction is a syndrome characterized by maladaptive plasticity of the neural reward circuit (reviewed in Ref. [1] ). Under normal circumstances, the neural reward circuit is triggered by natural rewards (food, sex, social interaction, etc.) to release dopamine signals from the ventral tegmental area to projections in the nucleus accumbens and the prefrontal cortex, and from the substantia nigra to projections in the dorsal striatum (reviewed in Refs. [1] [2] [3] ). Therefore, it is unsurprising that the monoamine dopamine is required for motivated and appetitive behaviors and for reward-related learning (reviewed in Ref. [4] ). However, drugs of abuse have the ability to falsely trigger and overstimulate, or "hijack," the natural reward circuit by increasing the magnitude and the duration of these dopamine signals (reviewed in Ref. [5] ; but see Ref. [6] ). In this way drugs of abuse act as strong reinforcers and can, with repeated exposure in susceptible individuals, develop into the syndrome of addiction. The addictive cycle is developed as drugs reinforce and strengthen drug-taking behavior and consumption, until the associated drug-seeking behaviors become compulsive despite negative repercussions (reviewed in Ref. [7] ). Such behavioral abnormalities can persist even after long periods of abstinence, sometimes indefinitely, and are accompanied with a high susceptibility of relapse [8] [9] [10] . These persisting lifelong symptoms present particularly recalcitrant clinical challenges in developing effective treatments for addiction.
The long-term behavioral abnormalities that characterize the addiction syndrome are attributed to changes in neural gene expression. The molecular and neural mechanisms underlying drug-induced reward have primarily been studied with the use of mammalian models [11] .
targets, neurochemical systems and brain regions that mediate druginduced reward (reviewed in Refs. [12] [13] [14] [15] ). Although, drugs of abuse target homologous brain regions in humans and other mammalian models (reviewed in Refs. [16, 17] ), a similarity in the molecular neural mechanisms for drug effects has been evolutionarily conserved across taxa [18] [19] [20] .
Invertebrates possess a relatively simple, modularly organized nervous system. Unlike in mammalian models, the role of individual neurons and specific circuits can be determined in the invertebrate brain [21] . By taking advantage of these methods, invertebrate models have already greatly benefited our understanding of the basis of learning and memory, and of the mechanisms involved in molecular and neurochemical signals [22] . Exploration into how drugs alter neural function and plasticity across many different invertebrate taxa can help reveal the basic functional properties involved in the reward system.
Among invertebrate models of drug addiction, decapod Crustacea, such as crayfish, offer a particularly useful set of advantages. Crayfish possess relatively few, often large, easily identifiable, and modularly organized neurons (reviewed in Ref. [23] ). Combined with a complex behavioral repertoire and relatively large size, this renders the crayfish particularly accessible to pharmo-behavioral manipulations [24, 25] . Crayfish have been a longstanding neuroscience animal model and, consequently, a great deal is known about their central nervous system structure and function: both crayfish and lobster brains have been mapped [26] [27] [28] [29] , the neurochemistry of crayfish behavior is well-understood (reviewed in Refs. [30, 31] ), the lobster transcriptome has been characterized [32] , and the marbled crayfish genome has recently been assembled [33] . This foundation of neuroethological and genetic research sets the stage for delving into the basic mechanisms of druginduced neural plasticity and reward-related learning.
Psychostimulant behavioral effects have been demonstrated in the rusty crayfish (Orconectus rusticus) in response to amphetamine [34, 35] , cocaine [36, 37] , morphine [36, 38] , methamphetamine [36] , and 3,4-Methylenedioxymethamphetamine (MDMA), 4-Methylmethamphetamine (4-MMA), and their cathinone analogs methylone and mephedrone [39] . This includes sensitization [40, 38, 37] , withdrawal [41, 42] , and reinstatement with a single priming dose [42] . Drug-induced reward in O. rusticus has been demonstrated through the use of conditioned place preference [43, 42] and self-administration paradigms [35, 44] . Moreover, studies of drug-induced gene expression changes in the crayfish brain have shown changes of c-Fos mRNA expression in the accessory lobe [37] , which is hypothesized to be involved in high-order processing of environmental stimuli and an important region in the neural reward circuitry in crayfish [37, 45] .
A subset of stable epigenetic changes have been identified as important molecular mechanisms underlying the neural plasticity associated with the addiction syndrome (reviewed in Refs. [46, 47] ). Epigenetics is the interaction of biochemical mechanisms that result in a tissue-specific change in gene expression while the underlying DNA sequence remains unaltered [48] . These biochemical changes can be induced by environmental conditions experienced during an individual's lifetime. One of the most studied epigenetic mechanisms is DNA methylation because it is considered important in the mediation of stable, and possibly heritable, changes in transcription (reviewed in Ref. [49] ). Although global DNA methylation has been implicated as a vital mechanism regulating neural gene expression and, by extension, behavior, the large genome and high (ca. 70%) methylation rates found in mammals represent difficulties in parsing out the particularities of the processes. Because invertebrates have smaller genomes [50, 51] , global DNA methylation studies are more feasible. Unfortunately, many invertebrate models, including C. elegans and Drosophila, do not have fully functional DNA methylation systems at all life stages and are therefore unsuitable for these studies (reviewed in Ref. [52] ).
The marbled crayfish (P. f. f. virginalis), has significant advantages for research into the neural and molecular (and in particular, epigenetic) mechanisms of behavior. P. f. f. virginalis demonstrates DNA methylation during all life stages [53] , and exhibits relatively low levels of global DNA methylation (between 1-2%) for the two tissues (abdominal musculature and hepatopancreas) that have been measured thus far [53, 54] . Because small changes in global DNA methylation can have large downstream effects on phenotype [55] this is advantageous as it is easier to detect small changes in methylation when overall methylation rate is low (reviewed in Ref. [52] ). Additionally, P. f. f. virginalis is the only decapod of over 10,000, that reproduces obligatorily through apomictic parthenogenesis: all individuals are genetically identical, asexually reproducing, females [56] [57] [58] . Minimizing genetic variability amongst experimental animals removes a significant confounding factor. Although behavioral epigenetic changes have yet to be studied in the crayfish, the current study aims to set the stage for the use of the marbled crayfish as a future model system for exploring the neural and molecular mechanisms (including possible epigenetic changes) underlying the maladaptive plasticity associated with drug addiction.
Toward this aim, we examine in the current study the locomotor response of P. f. f. virginalis to the psychostimulant D-amphetamine sulfate. Using a non-invasive mode of drug administration over 24-hour exposure periods, we explored differential behavioral effects and characterized the locomotor responses of juvenile P. f. f. virginalis (1) during initial exposure, de-coupled from a novelty-induced behavioral response, and (2) after continuous chronic exposure.
Methods

Animal care and maintenance
Adult P. f. f. virginalis obtained from a commercial supplier were housed individually in the lab in clear plastic containers (Snapware Total Solution, 232.4 mm L × 186.7 mm W × 76.2 mm H). These were modified so as to allow water flow-through (4 mm holes drilled into container: 34 on lid, 7 along each length, and 5 along each width) and were kept within a single circulating-water tank system, at ambient room temperature (∼19-22°C) and a 12:12 h light/dark cycle. Adults were fed rabbit pellets supplemented with frozen bloodworms and brine shrimp twice a week. Each crayfish had access to a shelter and were handled as little as possible to minimize stress. First generation offspring (n = 48) of these females were used in all subsequent experiments. Once they had detached from their mother's tail, offspring were moved to individual compartments within multi-partitioned containers, which simultaneously ensured social isolation and macroenvironmental standardization. Each juvenile crayfish housing unit (348 mm L × 218 mm W × 35 mm H) had 2.5 mm holes drilled in the top and bottom of each compartment (52 mm L × 42 mm W × 31 mm H) to allow for water circulation throughout the unit. Each unit housed 30 individuals in separately-labeled compartments, was labeled with the mother's identification number, and contained only juveniles from the same clutch. Isolated offspring were exclusively fed a diet of two parts frozen brine shrimp and one part frozen emerald entrée (San Francisco Bay Brand) until used in behavioral assays at 7-10 months of age (14-29 mm in length). This apparatus allowed for individual crayfish, placed within each compartment, to be transferred between containers of drug-free water and drug-infused water with minimal disturbance, and ensured simultaneous and identical exposure time for all animals.
Behavioral testing apparatus
Experimental design and procedure
Juvenile crayfish were randomly assigned to one of four treatment groups: 0.0 μM, 0.5 μM, 5.0 μM, or 50.0 μM D-amphetamine sulfate (FW: 368.5; Sigma, St. Louis: A 5880). Two trials of six crayfish were run for each treatment group (n = 12 per group). In order to minimize confounding variables, all water used during experimental procedures was taken from the circulating tank in which crayfish were housed on the day of testing. For each trial, six crayfish were placed in individual compartments within the compartmentalized testing arena. This compartmentalized arena was then placed in a container of drug-free water for an acclimation period of one hour. Following acclimation, the compartmentalized container was lifted and transferred to a second container containing either drug-free water (D-amphetamine sulfate 0.0 μM) for control trials, or one of three concentrations of D-amphetamine sulfate (0.5 μM, 5.0 μM, or 50.0 μM) for test trials, for an exposure period of 24 h (experimental design outlined in Fig. 1 ).
Behavioral analysis
Juvenile P. f. f. virginalis are relatively small and largely translucent, with the darkest area generally being where consumed food in the stomach can be seen through the carapace. Consequently, tracking software would occasionally have difficulty discerning the crayfish from background shadows in the arena, which resulted in occasional dropped data frames. Because juvenile crayfish have a relatively slow walking speed, these dropped data frames had minimal impact on the final calculation of total distance travelled. Video tracking data was accumulated at an average rate of 254 frames per minute; minutes with no data totaled only 0.6%. The x, y Cartesian coordinates recorded by the tracking software were converted from pixel units into real distances (mm). Euclidian distance between coordinates was calculated to obtain the total distance travelled for each individual. Coordinate data were plotted and visually checked for errors: large jumps in position were filtered from data before further analysis was performed. To remove flickering in recorded position of crayfish, a threshold of 1 mm was considered no movement and a moving average filter of 5 frames was applied to movement calculations. Individuals that molted during testing, or for which more than 10% data was lost in any one recording session, were omitted from the data set entirely for statistical analysis (n = 5). The final analysis sample size after data clean-up for each treatment group was as follows: 0.0 μM (n = 11), 0.5 μM (n = 10), 5.0 μM (n = 11), and 50.0 μM (n = 11). Behavioral analysis was conducted on the first 30 min of data from each recording session; due to technical error, data for some recording sessions was not recorded beyond this time frame.
Statistical analysis
Custom scripts written in Python Version 3.4.2 (Python Software Foundation; < http://www.python.org >) were used to generate data sets used for descriptive and inferential statistics. Supporting packages/ functions installed were numpy, matplotlib, and pyplot. Descriptive statistics tabulated total distance travelled over the first 30 min of each recording session. Statistical analyses were conducted with R (version 3.2.3, < http://www.R-project.org >) with supporting installed packages R.utils, multcomp, AOV, boot, and car. In some datasets, treatment groups showed homoscedasticity, or equality of variance, (Levene's Test) in the acclimation period, but there was large individual variation in response to drug exposure and data in the early and late exposure periods were not homoscedastic. Therefore, an ANOVA was run through bootstrap resampling (n = 10,000) with a confidence interval of 95%; pairwise contrasts were performed to discern differences between control and treatment groups. In datasets that showed homoscedasticity, significance was tested using a one-way ANOVA (R package AOV), with a Bonferroni correction applied, and the post-hoc Dunnett's test was used to determine the differences between treatment groups to the control group with pairwise comparisons.
Results
Locomotion
Crayfish of all treatment groups (including the control group) travelled the furthest distance during the acclimation period when they were first introduced to, and were exploring, the novel environment of the test arena: 0.0 μM (4584.7 mm: SE ± 266.5), 0.5 μM (4895.2 mm; SE ± 276.3), 5.0 μM (3566.4 mm; SE ± 308.7), and 50.0 μM (4111.3 mm; SE ± 362.1) (Fig. 2) . There was no significant difference in the distance travelled between treatment groups (p = 0.133). Over time, crayfish of all treatment groups slowly reduced their locomotion, covering smaller distances in each successive recording period.
During the early exposure period, when treatment groups were first During the late exposure period, after animals had remained in the exposure tank overnight, there was a significant difference observed in distance travelled due to treatment (p = 0.028), with the control animals travelling further (1637.6 mm; SE ± 367.8) than any of the treatment groups: 0.5 μM (776.8 mm; SE ± 194.2), 5.0 μM (567.4 mm; SE ± 148.6), or 50.0 μM (813.9 mm; SE ± 200.3) (Fig. 2) .
A great deal of variability was observed amongst individual responses to first drug exposure. Some individuals travelled less distance overall throughout all exposure periods, including the drug-free acclimation period. In order to better control for this large individual variation, the difference travelled between the early exposure and the acclimation period was first calculated for each individual, then averaged together within each treatment group (Fig. 3 ). This revealed a relationship resembling a dose-response curve in which the 0.0 μM control group exhibited the smallest reduction in distance travelled (2981.3 mm; SE ± 301.9), followed by 0.5 μM (2636.9 mm; SE ± 402.1), 5.0 μM (2369.3 mm; SE ± 302.3), and 50.0 μM (1216.6 mm; 320.6). A significant treatment effect was detected (F ( 3,39 ) = 4.924, p = 0.005). The Dunnett's test revealed a significant difference (p = 0.002) between the 50.0 μM and control groups, but no significant difference was found between the control and either the 0.5 μM group (p = 0.831) or the 5.0 μM group (p = 0.458).
Space use and walking pattern behavioral responses
As crayfish generally show an edge-preference (Fig. 4) , each arena compartment was divided into space divisions of "edge" (inner 15 mm around compartment perimeter) and "middle" (the remaining inner portion of arena). Percent time spent and distance travelled in each area was quantified for all treatment groups for each recording session. Crayfish of all treatment groups displayed a clear preference for the edge and there was no significant difference between treatment groups (data not shown).
Crayfish move with an intermittent walking pattern in which they take frequent pauses to sample with their antenna before continuing. In order to characterize whether amphetamine exposure affected this behavioral pattern, pause duration, number of pauses, and duration of walking between pauses were quantified, both for the entire arena and for each arena space (edge and middle) separately. No significant differences were found between treatment or control groups for any of these parameters (data not shown).
Discussion
The results of this study demonstrate that the parthenogenetic marbled crayfish, P. f. f. virginalis, would make an effective complementary model system for drug addiction research. In addition to the unique feature of showing little to no genetic variation as a parthenogenetic species, the marbled crayfish displays a significant, dose-dependent, psychostimulant-induced locomotor response when immersed in water containing D-amphetamine sulfate.
Crayfish locomotion in response to novel arena
The uniformly high levels of locomotion observed on initial introduction of crayfish into the drug-free environment are typical of As data does not show a normal distribution and does not pass the Levene's test for homoscedasticity, an ANOVA was conducted with bootstrap resampling (n = 10,000). No significant difference between treatment groups was observed in the acclimation period (p = 0.133). However, a significant difference was observed between treatment groups after crayfish were exposed to amphetamine (early exposure p = 0.006; late exposure p = 0.028). Bootstrapping pairwise contrasts revealed that, when compared to the 0.0 μM control group, the 50.0 μM treatment group was significantly different in the early exposure (p < 0.001) and all treatment groups showed a significant difference in the late exposure (0.5 μM, p < 0.001; 5.0 μM, p < 0.001; 50.0 μM, p < 0.001). animals exposed to novel stimuli. Under natural conditions, such behaviors facilitate exploration, the acquisition of information, and the procurement of other resources essential for survival [59, 60] . Similarly, the reduction of locomotion as crayfish became accustomed to the test arena is concordant with prior observations in O. rusticus, where animals with initial high levels of exploration, gradually decrease movement over time as they habituate, until they eventually settle into one location along the edge of the arena [43, 34] . Crayfish demonstrated a clear edge preference for all exposure periods regardless of treatment group, which is in accordance with the natural preference of crayfish for dark, sheltered spaces.
Effects of initial drug exposure
On initial exposure to D-amphetamine, the 50.0 μM treatment group of P. f. f. virginalis showed a significant increase in locomotion compared to that of control animals during the first 30 min of exposure. This result is congruent with the typical psychostimulant-induced effects noted in both a range of mammals [61] [62] [63] [64] , as well as in other invertebrate systems (reviewed in Ref. [65] ). In O. rusticus, D-amphetamine exposure stimulates enhanced locomotion, along with other exploratory behaviors, including rearing and antennal sampling [34] . Recent work has also demonstrated that these behaviors are also increased in O. rusticus with 3,4-Methylenedioxymethamphetamine and 4-Methylmethaphetamine, and their cathinone analogs methylone and mephedrone [39] .
The behavioral locomotor variability between individuals appears to be reduced in P. f. f. virginalis compared to that observed in O. rusticus. The degree of variation in locomotion observed in the acclimation period in P. f. f. virginalis was about half that observed in O. rusticus [35] and one sixth of what was observed in Bhimani and Huber [66] . The greater locomotor variability observed in O. rusticus may be attributed to the fact that these were wild-caught individuals of a sexually-reproducing species, with a (presumably) higher degree of genetic and developmental variation compared to P. f. f. virginalis, which were labreared, asexually reproducing genetic clones. It is notable that individual behavioral and morphological variation was observed in P. f. f. virginalis regardless of genetic identity, likely as a consequence of uncontrolled, microenvironmental influences on development.
Evidence suggests that exploratory behaviors are specifically mediated by the dopaminergic system in both mammals and invertebrates [67] , (reviewed in Ref. [4] ). This dopaminergic system is thought to be a key component in the control of the complex appetitivemotivational neural circuit [4] , as its primary function is to sustain exploratory behaviors and reinforce adaptive behaviors that increase the acquisition of rewards (food, shelter, sex, etc.). Therefore, activation of these neural systems by human drugs of abuse is perceived as rewarding [59] , and may result in an increase of exploratory behaviors in crayfish.
The appetitive-motivational neural circuit also appears to be stimulated by, in addition to more direct rewards, novel stimuli. In O. rusticus, the simultaneous presentation of a novel environment with the onset of drug administration facilitated an increased psychostimulant behavioral response to D-amphetamine [34] . In the current study, P. f. f. virginalis were acclimatized for one hour in the test arena prior to drug exposure; an experimental design which effectively decoupled the Damphetamine-induced locomotor response from the novel stimulus-induced locomotor response. This demonstrated that D-amphetamine independently induces a psychostimulant response in P. f. f. virginalis. However, this may also be one reason why a significant dose-response curve was not demonstrated. Had the test subjects been exposed to the novel arena and D-amphetamine simultaneously, individuals exposed to lower concentrations (0.5 and 5.0 μM) may have demonstrated a greater locomotor response, which may have exaggerated the data trend observed in the data that was controlled for individual-variation (Fig. 3) . In order to determine the effect that novel stimuli have on P. f.
f. virginalis response to psychostimulants, future research could characterize the locomotor response elicited by the presentation of different concentrations of D-amphetamine in a novel environment.
The observed psychomotor effects establish immersion as an effective method of drug delivery in juvenile crayfish, although knowledge of drug absorption and metabolism rates is limited and requires more study. Adolescent humans and mammalian models often show less sensitivity to drugs of abuse than adults, for which neurological and metabolic differences have been implicated [68, 69, 70] . Reduced sensitivity may have affected the locomotor response exhibited by juvenile P. f. f. virginalis, particularly in the late exposure period. Future research should examine the effects of chronic exposure of amphetamine-infused water on adult P. f. f. virginalis to determine the differences between crayfish of different developmental stages, and whether this reduced sensitivity to drugs of abuse is seen in juvenile P. f. f. virginalis in relation to adults. Possible pathways of drug intake include absorption through the respiratory system via the gills and through the gastrointestinal tract. The method of drug delivery will have a direct influence on crayfish locomotor response. According to the rate hypothesis of psychoactive drug action, the quicker a drug reaches the brain, the greater is both the perceived reward and the resulting reinforcing effect [71] [72] [73] . Higher drug infusion rates generate greater subjective responses [74, 71] , and when given a choice, rats have been shown to prefer higher infusion rates of the same drug dose [75] . Furthermore, a rapid delivery time frame results in an intensified motivation for obtaining the drug [76] . Consequently, the route of administration affects how reinforcing the drug is perceived to be, due to varying pharmacokinetic effects in when the drug reaches the brain [77, 78] . In crayfish, Datta et al. [35] demonstrated with O. rusticus that the reinforcing properties of drug-reward were much more robust when psychostimulants were injected directly into the brain, compared to injection into the general hemolymph circulation. By extension then, simple immersion of the animals into drug-infused water is almost certain to have slowed the time course of drug delivery to the active sites in the nervous system, attenuated the behavioral responses to the drug, and diminished any resultant reinforcing effect. However, because route of administration can influence drug effect, it is important to have methods of drug delivery in animal models that are comparable to the methods humans use to self-administer drugs [79] . The route of administration the crayfish are experiencing, by absorbing drug through the respiratory system and the digestive tract simultaneously, may be likened to the human methods of inhalation and insufflation. Therefore, this mode of drug delivery in crayfish may offer a nice complement for studying the differential effects route of drug administration have on the molecular processes and behavioral responses of human drugs of abuse, although research is needed to determine the validity of this comparison.
Drug exposure via immersion may also directly affect a crayfish's behavioral response, in ways other than locomotion. Crayfish exploration relies heavily upon mechanoreception from antennal sampling [80, 81] , with the antennae and antennules conveying perceived sensory information to the olfactory lobe in the central nervous system [82, 45] . The olfactory lobe is mediated by dopamine and serotonin [83] [84] [85] , and therefore, because amphetamine produces psychostimulant effects by hijacking dopamine-mediating cellular mechanisms, the olfactory lobe is likely a site of action for psychostimulants. As such, increased dopamine signals in the olfactory lobe may induce crayfish to engage in increased antennal sampling behavior. P. f. f. virginalis treated by direct immersion in D-amphetamine were simultaneously being administered drug while also actively sampling a novel chemical in their environment. This may have induced crayfish to spend a greater proportion of their time in antennal sampling exploratory behaviors compared to O. rusticus, which were administered drug through direct injection to the brain and spent approximately equal time engaged in the exploratory behaviors of locomotion and antennal sampling [34, 43] . In preliminary experiments, it was observed that crayfish did increase antennal sampling rate when exposed to amphetamine, however this was not measured in the current study. Quantifying this exploratory response of crayfish to a drug-infused water route of exposure is a possible avenue for future study.
Effects of continuous chronic exposure
Following extended immersion (i.e. 'late exposure'), all D-amphetamine treatment groups displayed significantly reduced levels of locomotion compared to that observed in the control (no drug) group. At this point, test subjects had been exposed to D-amphetamine for a period of 22-24 h, a duration which is considered continuous chronic drug exposure [86] . Amphetamine is relatively stable in urine samples with a pH of 6, demonstrating only a 1.3% degradation after three days at 37°C [87] . Therefore, it is likely that the D-amphetamine to which P. f. f. virginalis was exposed, at a pH of 6.8 and a temperature of 21°C, was still biologically active throughout the entire 24-h duration of the experiment. The ability to test continuous chronic D-amphetamine exposure was made possible by the mode of drug delivery employed in this study, by direct immersion in drug-infused water. When psychostimulant effects and drug-induced reward to the administration of cocaine and amphetamine were demonstrated in O. rusticus, drug delivery was achieved by direct injection through a cannula surgically implanted in the crayfish carapace [34] [35] [36] [37] 42, 43 , reviewed in Refs. 41, 88] . In order to enable the response of P. f. f. virginalis to be more directly compared to O. rusticus, future studies should explore the direct injection drug administration method in P. f. f. virginalis. Direct injection offers the benefits of precise drug administration both in dose and in time specificity. Additionally, direct injection allows drug administration to be automated. However, the invasive procedures necessary for cannula implantation have a limited utility in certain studies, such as those examining epigenetic molecular modifications, where the stress experienced by experimental animals can, itself induce epigenetic changes in neural tissue [89] . As such, this non-invasive method lends itself nicely for epigenetic studies.
Continuous chronic amphetamine exposure in mammals (humans and rats) results in hyperactivity, and increased locomotion, shortly after the onset of administration (reviewed in Ref. [90] ). Rats are administered continuous chronic drug through the use of subcutaneouslyimplanted, slow-release pellets containing 50 mg amphetamine, which maintain brain drug levels for 10 days [91] . In rats however, a few hours after the onset of exposure, this hyperactivity and increased locomotion is gradually curtailed, over approximately an eight-hour period, until their behavior is consumed by motor stereotypies. These stereotypies last for approximately two days and are then followed by a lengthy period of inactivity (reviewed in Ref. [90] ). This is similar to the time course of locomotor activity that was generally observed in P. f. f. virginalis: the highest D-amphetamine treatment group (50.0 μM) displayed a significantly higher level of locomotion during the early exposure, then in the late exposure all treatment groups (0.5, 5.0, and 50.0 μM) displayed reduced locomotion compared with controls. However, the increased locomotor response demonstrated in the 50.0 μM treatment group had a much faster onset (within 30 min) compared to that seen in rats, which only started to show increased locomotion after a few hours [90] . Therefore, it is possible that, compared to rats, the behavioral response time course of chronically administered D-amphetamine in P. f. f. Virginalis may be accelerated.
In mammals, amphetamine exposure induces these behavioral changes by stimulating the release of dopamine and inhibiting the dopamine reuptake transporter [1] . This results in prolonged and elevated levels of dopamine that can last for hours, disrupting typical patterns of dopamine release and motor activity [92] . In preliminary observations of exposure to a high D-amphetamine concentration (50.0 μM), crayfish started to display motor stereotypies, such as leg twitching, within an hour from onset of continuous administration. O. rusticus also display muscle tremors in walking legs when administered high levels of amphetamine [43] . When injected with 3,4-Methylenedioxymethamphetamine and 4-Methylmethaphetamine, or methylone and mephedrone, their cathinone analogs, O. rusticus displays stereotyped movements of walking legs and antennae, and repetitive behaviors such as grooming and horizontal waving of claws. These stereotyped movements increased in frequency and intensity with repeated administration [39] . This behavioral response to amphetamine inevitably results in reduced locomotion. However, in mammals, the disruption of dopamine systems that result from chronic exposure also eventually leads to a decrease of stimulation-dependent dopamine release [93] , which is associated with hypoactivity [94, 95] and results in amphetamine tolerance [96] . This tolerance and hypoactivity results from a depletion of striatal dopamine and dopamine receptors, which may be due to dopamine terminal degeneration (a.k.a. amphetamine neurotoxicity) (reviewed in Ref. [86] ). Thus, by the late exposure period, treatment animals may be demonstrating continuous chronic amphetamine exposure-induced motor stereotypies or hypoactivity. To obtain a more refined understanding of the response to D-amphetamine, future research should characterize the drug-induced stereotypies observed in P. f. f. Virginalis.
Conclusion
The present study has demonstrated (1) psychostimulant-induced locomotor effects in a parthenogenetic crayfish, Procambarus fallax forma virginalis, (2) locomotor response after continuous amphetamine administration, and (3) an effective non-invasive method of drug delivery for crustaceans. With initial onset of D-amphetamine administration, P. f. f. virginalis demonstrated behavioral and locomotor hyperactivity responses, expressed as an increase in exploratory behaviors, which are comparable to those that have been previously observed in O. rusticus [34, 43] . For the first time, however, the locomotor response of a decapod crustacean has been characterized to continuous chronic D-amphetamine exposure. After continuous chronic D-amphetamine administration, all treatment crayfish demonstrated reduced locomotion, which offers a possible avenue for exploring the neural and molecular mechanisms involved in drug-tolerance.
The non-invasive method of drug administration used in this study offers distinct advantages and opportunities for future research: it allows for the use of smaller animals with which direct injection is not feasible, it may be a method for drug-delivery in animal models that may be comparable to the human method of inhalation or insufflation, it is advantageous for epigenetic studies because it minimizes potential stressors. Lastly, as a parthenogenetic invertebrate, P. f. f. virginalis possesses a genetically identical, modularly organized and relatively simple nervous system with a conserved neural reward circuit. Therefore, P. f. f. virginalis offers an elegant model system available for exploring many different avenues of research into the basic underlying behavioral, neural, and epigenetic mechanisms of drug-induced neural plasticity.
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